The formation of carbon nanotubes (CNTs), spherical carbon nanocapsules (CNCs), and carbon spheres (CSs) is accomplished by using the method of reactions under autogenic pressure at elevated temperatures (RAPET). A powder mixture of naphthalene and nickel acetate tetrahydrate is dissociated under its autogenic pressure. The resultant CNTs and CNCs exhibit good graphitic quality, and the diameters range from 50∼200 nm. Smooth and monodisperse CSs with the diameter ranging from 5∼10 m can be obtained by pyrolysis of pure naphthalene. Our results show that the reaction temperature and catalyst proportion play a key role in the formation of carbon nanostructures with RAPET method.
Introduction
Carbon nanotubes (CNTs), carbon nanocapsules (CNCs), and carbon spheres (CSs) are widely investigated due to their outstanding mechanical, electrochemical, and magnetic properties. The methods of syntheses for CNTs such as arc discharge, laser ablation, and chemical vapor deposition have broadly been examined. Meanwhile, various techniques have been applied to form the core-shell nanostructures, including the sol-gel method, carbon-arc techniques, and other techniques [1, 2] .
The method of reactions under autogenic pressure at elevated temperatures (RAPET) is a quite simple, highly efficient, and economical method for its one-step reaction [3, 4] . Vilas prepared CSs by dissociating several hydrocarbons under their autogenic pressure; he found that the product morphology did not vary when the reaction time, amount of precursor, and reaction temperature were changed [5] . CNTs and core-shell nanostructures can be obtained by using the RAPET method to decompose carbon precursors at 700 ∘ C in the presence of several metal elements [6] [7] [8] [9] .
In this work, the utilization of naphthalene as an alternative carbon source and nickel acetate tetrahydrate as the catalyst for the synthesis of carbon materials by the RAPET method was experimentally investigated. The results indicate that the reaction temperature and catalyst proportion play a key role in the formation of carbon nanostructures.
Experimental
Naphthalene and nickel acetate tetrahydrate were all commercially available and used without further purification. For our syntheses, powder mixtures of naphthalene and nickel acetate tetrahydrate with different molar ratios (3 : 1, 7 : 1, and 15 : 1) were placed into an autoclave of 100 mL capacity at room temperature under air. Then, the filled autoclave was sealed tightly and placed inside a muffle furnace which was preheated to a certain temperature (600, 700, 800, 900, or 1000 ∘ C) for each sample. The precursor was then dissociated under its autogenic pressure. After 30 minutes, the reaction system was cooled to room temperature gradually, and the black product was obtained.
Results and Discussion
The morphology of the products was investigated by scanning electron microscope (SEM) and high-resolution transmission electron microscope (TEM). Figure 1 shows the SEM images of products which were fabricated from the mixture of naphthalene and nickel acetate tetrahydrate with the 3 : 1 molar ratio at different temperatures. From Figures 1(a) to 1(b), one can see that there are only spherical particles when the temperature is below 800 ∘ C. Some synaptic structures appear on the surface of the products which have lost the spherical structure (Figure 1(b) ), and we suggest that this is an initial stage of CNT forming process. One can see that the CNTs were obtained when the temperature reached 800 ∘ C. With the increase of the temperature from 800 ∘ C to 1000 ∘ C, the aspect ratio of CNTs is getting smaller and the diameters decrease from about 200 nm to 50 nm, while the yield increases. It is also found that certain amounts of CNTs were tangled together to form a cluster. The result mentioned above is in reasonable agreement with those reported previously [10, 11] . The increased temperature leads to a high-pressure reaction and a high diffusion rate of reactant mixture containing dissociated Ni nanoparticles and carbon atoms, which may facilitate the carbon atoms to dissolve in or deposit on the catalyst particle [10] . Meanwhile, the crystal water of nickel acetate tetrahydrate will be gasified at high temperature. The water vapor can be regarded as an activator due to its etching effect on amorphous carbon which was formed on the catalyst during pyrolysis. The increase of temperature will enhance the etching effect; therefore the deactivation of catalyst could slow down. Consequently, more CNTs with smaller nanometer size would be formed. Figure 2 shows the SEM images of products, which were synthesized at 900 ∘ C with different molar ratios of naphthalene and nickel acetate tetrahydrate (pure naphthalene, 15 : 1, 7 : 1, and 3 : 1). Smooth and monodisperse CSs with diameters ranging from 5 m to 10 m can be obtained by pyrolysis of pure naphthalene (Figure 2(a) ). When the molar ratio of naphthalene and nickel acetate tetrahydrate is 15 : 1, the reaction products are composed of CSs and small particles (Figure 2(b) ). The small particles are supposed to Journal of Nanomaterials be produced from pyrolysis of the catalyst. Figure 2 also shows that the increase of the catalyst proportion leads to the decrease in the amount of CSs and the increase of CNTs and CNCs, which indicates that the catalyst is an essential factor for the formation and growth of CNTs and CNCs. Since the decomposition process of carbon source and catalyst is quite rapid in the closed RAPET system, the formation of different types of carbon species could occur in a short period of time. The carbon atoms disconnected with the catalysts could form CSs via self-assembly reaction, while the carbon atoms connected with the catalysts could form CNTs or CNCs. It is found that an increase of the catalyst proportion leads to the decrease in the amount of CSs and the increase of CNTs and CNCs, which indicates that the catalyst is an essential factor for the formation and growth of CNTs and CNCs. Figure 3 is the XRD analysis of the samples produced with different molar ratios of naphthalene/nickel acetate tetrahydrate. Apparently, the sample of pure naphthalene only shows the diffraction peaks of carbon, while other samples reacted by different catalyst proportion show the diffraction peaks of both carbon and Ni. Furthermore, the structure becomes more regular with the increase of catalyst proportion.
TEM images (Figure 4 ) reveal clearly that there are CNT and spherical CNC nanostructures in the synthesized products. The spherical Ni nanoparticle is surrounded by graphitic shell to form the CNC structure, which may be formed by the continual growing of original surface shell around the Ni particle, and results in the overcoating and deactivation of the catalyst (Figure 4(a) ) [12, 13] ultimately. The insertion of pentagon or heptagon defects into the hexagonal graphite network can curl the resulting nanotubes [14]; the curving structure can then be formed. Also, it is possible that some carbon atoms could diffuse on the surface of the Ni particle and penetrate into the tube, forming a bridge structure across the nanotube wall. Therefore, the bamboolike structure could be formed inside a continuously growing nanotube (Figure 4(b) ) [14] . Figures 4(c) and 4(d) reveal that the hollow CSs with regular graphite layers can be achieved by graphitization at 2800 ∘ C (Ar atmosphere: −0.05 MPa). Obviously, the Ni particles were already removed during the graphitization process. The tangled CNTs are mixed with CNCs, indicating that the carbon shells could deactivate the catalysts. Meanwhile, CNT morphology was developed and induced only by the active catalyst particles.
Conclusions
In conclusion, CNTs and spherical CNCs were synthesized from pyrolysis of a mixture of naphthalene and nickel acetate tetrahydrate by using the RAPET method. Smooth and monodisperse CSs with diameters ranging from 5 m to 10 m can be obtained by pyrolysis of pure naphthalene. Our results show that more CNTs and CNCs with smaller nanometer size will be formed with the increase of temperature in this closed RAPET system. In addition, the increase of the catalyst proportion leads to the decrease of the amount of CSs and the increase of CNTs and CNCs. The extra properties and potential application of this product will be addressed in our future work.
